Abstract: Background: Substituted Mg nanoferrite attracted attention recently according to their capability for using in high-density magnetic recording applications, biotechnological applications and microwave control components.
INTRODUCTION
Spinel ferrite nanoparticles have been intensively used for their unique magnetic, electrical, and optical characteristics that make them suitable for various technological applications [1] [2] [3] . Nanosized MgFe 2 O 4 exhibits exceptional superparamagnetic features at room temperature. In addition, they can be used in biotechnological applications such as magnetic separation, magnetic resonance imaging, and magnetic hyperthermia treatment [4] . The substitution of MgFe 2 O 4 with diamagnetic ions such as Zn 2+ [5] , Cd 2+ [6] , Ti 4+ [7] , and Al 3+ [8] has been studied to describe the effects on the structural [9] , optical [10] , electrical [9, 11] , infrared [12, 13] , and magnetic properties [14, 15] depending on the distribution of Fe 3+ in the tetrahedral (A) and octahedral (B) sites. Thus, the cation distribution between the A-and Bsites must be influenced by the ionic radii. The type of bonding and synthesis method influence the structural and magnetic characteristics [16] , which will vary because of the physicochemical and electromagnetic properties associated with the changing of the particle size [17] .
Raman scattering and photoluminescence have been commonly used as influential techniques to study the defects in the crystal by substitution [18, 19] . Single-and codoping can be used for improving the absorption capability of the materials [20] . Crystal defects strongly affect the properties of functional materials; for instance, the oxygen vacancies associated with the energy transfer during excitation influence the photoluminescence and Raman properties. The photoluminescence of these materials can be enhanced by investigating the mechanism of these effects to control the defects. Defects have generally increased with the use of doping with different ions to improve the energy transfer [21] .
Moreover, by identifying the Raman active vibration mode, it will become possible to determine the tetrahedral (A) and octahedral (B) site occupancies [22, 23] . In the present work, the temperature dependencies of the Raman modes and photoluminescence for Zn 2+ -and Al
3+
-substituted Mg nano spinel ferrite have been investigated to determine the influence of the substitutions on the modes with respect to temperature. 4 (0.0 ≤ x ≤ 0.8) nanoparticles (NPs) via the coprecipitation method. A stoichiometric ratio of nitrates was dissolved in deionized water under continuous stirring at 80°C for 3 h. NaOH was added slowly to adjust the pH above 11. The solution was then washed several times with deionized water until a pH value of 7 was obtained, and filtration and drying at 200°C for 10 h were then performed. The dried powder was ground for 2 h and sintered at 600°C for 10 h at a heating rate of 5°C/min. The details of the synthesis have already been given in our previous publication [24] . Phase identification was conducted using X-ray powder diffraction with the Rigaku Benchtop Miniflex X-ray diffraction (XRD) instrument using Cu Kα (20-70°) radiation at room temperature. Scanning electron microscopy (SEM) along with energydispersive X-ray spectroscopy (EDX) and transmission electron microscopy (TEM) were used via an FEI Titan ST microscope coupled with EDX. Photoluminescence and Raman measurements were conducted using a Horiba LabRAM Aramis with the 325 and 758-nm excitation lines of a He-Cd laser.
MATERIALS AND METHODS

Mg
RESULTS AND DISCUSSION
Phase Study
The structure of Mg 1−x Zn x Fe 2−x Al x O 4 (0.0 ≤ x ≤ 0.8) NPs was studied through XRD. Fig. (1) indicates that all peaks belong to the spinel ferrite with a cubic phase and excited minor α-Fe 2 O 3 as an impurity. The successful substitution of Zn 2+ and Al 3+ was achieved using phase identification by Match! 3. Moreover, the intensities of the diffraction peaks increase with increasing number of substitution ions, indicating good crystalline quality. The lattice parameters and crystal sizes were calculated and are presented in Table 1 . Details of the XRD analysis are given in Ref. [24] . 
Field Emission SEM
The morphological analysis of Mg 1−x Zn x Fe 2−x Al x O 4 (0.0 ≤ x ≤ 0.8) is presented in Fig. (2) . Field emission SEM 
Influence of Temperature on the Photoluminescence Spectra
The photoluminescence spectra of the Mg 1-x Zn x Fe 2-x Al x O 4 (0.0 ≤ x ≤ 0.8) nano-mixed spinel ferrite were recorded in the temperature range from 77 to 600 K under 325- nm irradiation, as shown in Fig. (4) . The spectra consisted of a broadband at energies ranging from 1.6 to 2.6 eV with emission spectra shifted to the red region and broadening peaks. Moreover, it is clear via the application of convolution that the broadband exhibited two bands at 1.8 and 2.2 eV, which clearly appeared in the range of temperatures from 298 to 573 K. These two bands were connected with the levels trapped inside the band gap. The photoluminescence intensity of all samples decreased with increasing temperature because of the decrease in phonon diffusion by the photocreated electron-hole pairs, as seen in Fig. (5) . In addition, when the temperature of the system increased, the density of phonons increased, and consequently, the photoluminescence decreased owing to the nonradiative relaxation of the excited electron-hole pairs that became dominant [25] .
It is noted that the intensities of the luminescent bands increased with increasing Zn 2+ and Al 3+ percentages from 
T ( K )
increase in traps by the oxygen vacancies with doping. These traps then released the charge carriers by thermal stimulation and recombined with their counterparts. In contrast, the intensity of the x = 0.4 and 0.5 samples decreased with increasing Zn 2+ and Al 3+ content owing to the increased possibility of the concentration quenching the excited states of the Zn 2+ and Al 3+ ions because of the radiative and nonradiative energy transfers between Zn 2+ and Al 3+ that were also responsible for the decreasing emission intensity after reaching emission saturation [26] [27] [28] . The shifting of all bands to lower energies may have been relevant to the rise in the carrier densities. The band gap for all samples was calculated by the Kubeka-Munk formula using photoluminescence spectra. It was found that the band gap at x = 0.0 was 2.7 eV for low temperatures and 2.6 eV at room temperature. However, at x = 0.8 it was 2.9 eV for low temperatures and 2.8 eV at room temperature owing to lower localized states, this will make it a good nominee for visible light photocataylsis application [29] . To investigate the mechanism leading to this photoluminescence spectra behavior, the temperature dependence of the integrated photoluminescence intensity was investigated.
The integrated photoluminescence intensity is plotted as a function of inverse temperature in Fig. (6) . It is clear that two regions exist as the temperature increases; the integrated photoluminescence increases to 238 K and then decreases slowly until 589 K. These integrated photoluminescence intensities for all ratios as a function of inverse temperature were then fitted using an Arrhenius model with two activation energies e 1 and e 2 [30] [31] [32] .
It is clear that we have obtained good fitting parameters. The estimated activation energies in Table 2 represent the energy exchange between the different levels in all sample ratios via the increase in the defects inside the structure by the dopant caused by oxygen vacancies that act as carrier traps. The values of the activation energies fluctuate when the ratios of Zn 2+ and Al 3+ ions are increased from x = 0 to 0.8, because a limited number of Fe 3+ and Mg 2+ ions are forced to migrate between the B and A sites, respectively. Fig. (7) . The Raman spectrum of the spinel corresponds to the crystal structure and lattice vibration according to G theory, which determines the vibration modes of the spinel structure as [33] :
Where (R), (IR), and (in) represent the Raman vibrations, infrared-active vibrations, and inactive modes, respectively. The characteristic features of the Raman spectrum are clearly attributed to the Ag, Eg, and 3T 2 g active modes with no existence of any other lines, which are generally activated by the oxygen disorder of impurity atoms [34, 35] . In the spinel, increases in the A 1 g Raman mode may be due to the symmetric stretching of the oxygen atom in the Fe-O (or M-O) bonds at the tetrahedral sites, whereas the Eg mode is referred to as the symmetric bending of the oxygen atom with regard to the metal ion at the tetrahedral site. The T 2 g(3) Raman mode is the result of the asymmetric bending of oxygen, whereas the asymmetric stretching of Fe-O and M-O would increase with the T 2 g(2) Raman mode because of the tetrahedral and octahedral cations [36] [37] [38] [39] . The Raman spectra of Zn 2+ and Al 3+ -substituted Mg ferrite at different ratios are contained in the vibration modes positioned at 797.9, 802,39, 804.56, 810.07, 814.91, and 823.73 cm -1 . The bands at 797.9-798 and 802.39 cm -1 correspond to the A 1 g(1) and A 1 g(2) modes that represent the stretching vibration of Fe-O and M-O in the tetrahedral and octahedral sites, respectively, because of the inverse spinel characteristic of Mg ferrite, implying that it has an equal amount of Mg and Fe at the tetrahedral and octahedral sites [36, 37] . The 804.56, 814.91, 810.07, and 823.7-826.37 cm -1 bands result from the T 2 g and Eg Raman modes, which are related to the vibration of the spinel structure [35, 38, 40] . In all ratios, all bands shift to higher frequencies and soften with increasing temperature. However, the T 2 g(3) in x = 0.4, 0.6, and 0.8 hardens with increasing temperature. The intensity ratio between the vibrational modes A 1 g(1) and A 1 g(2) reflects off the cation distribution with increasing amount of substitution [41] . Moreover, doublet-like features have been observed in the Raman spectrum as a result of the substitution of different ions with different ionic radii at the tetrahedral and octahedral sites in the lattice [42] .
The changing of the Raman modes at 798 and 802 cm -1 as a function of temperature T presented in Figs. (8 and 9) has been demonstrated via the Lorentzian function line fit at q = 0 of the Balkanski model, which can be expressed as:
Here, the coefficients Δ 1 (T) and Δ 2 (T) are
Where, A 1 = ω 0 at the T = 0 phonon frequency. The Tdependent terms in (2) indicate the real part of the phonon self-energy, and the constants A 2 and A 3 define the cubic and quartic contributions Δ 1 and Δ 2 , respectively [43] . The results of fitting (3) into the experimental Raman data and anharmonic coefficients A 2 and A 3 are presented in Table 3 and Figs. (8 and 9) . It is clear that the values of the Raman modes decrease with increasing temperature with a slight shift to the higher frequencies with increasing substitution content. Moreover, at 798 and 802 cm -1 , discontinuities at the phase transitions are exhibited owing to the influence of the oxygen disorder.
CONCLUSION
Zn
2+
-and Al
3+
-substituted Mg nano spinel ferrites were synthesized by the coprecipitation method. The obtained materials were characterized by XRD, SEM, TEM, and the temperature dependence of the Raman and photoluminescence spectra. All XRD powder pattern peaks confirmed the spinel ferrite with a cubic phase. It was found that the intensity of the luminescent bands decreased with increasing temperature as a result of the growth of the phonon density by the nonradiative relaxation of the excited electron-hole pairs. The Raman bands of all samples shifted to higher frequencies and softened when the temperature increased. Moreover, the T 2 g(3) for x = 0.4, 0.6, and 0.8 hardened with increasing temperature. The intensity ratio between the vibrational Fitting constants for (3), where A 1 = ω 0 at the T = 0 phonon frequency, and A 2 and A 3 determine the cubic and quartic (2) is attributed to the cation redistribution with increasing number of substituted ions. The temperature-dependent photoluminescence and Raman spectra examination can be considered as a sensitive method for monitoring microstructural changes that may be caused by the effect of substituted ions on the main matrix and oxygen disorder. 
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